Cells generally maintain an asymmetric distribution of phospholipids across the plasma membrane bilayer, restricting the phospholipid, phosphatidylserine (PS), to the inner leaflet of the plasma membrane. When cells undergo apoptosis, this asymmetric transbilayer distribution is lost, bringing PS to the surface where it acts as a signal for engulfment by phagocytes. The fluorescent dye merocyanine 540 specifically stains the plasma membrane of apoptotic cells which have lost their asymmetric distribution of phospholipids. However, it also stains non-apoptotic macrophages, suggesting that phospholipid asymmetry may not be maintained in these cells, and thus that they may express PS on their surface. Here, the PS-binding protein, annexin V, was used to show that in fact normal macrophages do express PS on their surface. Furthermore, pre-treating macrophages with annexin V was found to inhibit phagocytosis of apoptotic thymocytes and thymocytes on which PS expression was artificially induced, but did not inhibit phagocytosis of latex beads or Fc receptor-mediated phagocytosis of opsonized erythrocytes. These results indicate that PS is constitutively expressed on the surface of macrophages and is functionally significant for the phagocytosis of PS-expressing target cells. Cell Death and Differentiation (2000) 7, 645 ± 653.
Introduction
A crucial step in programmed cell death, or apoptosis, is recognition and phagocytosis of the dying cell by neighboring cells or professional phagocytes. 1 Engulfment before cell lysis prevents the inflammation which might ensue from release of the cell's intracellular contents. 1, 2 In order for apoptotic cells to be distinguished from their healthy neighbors, the apoptotic cell surface must be recognizably different from that of nonapoptotic cells. The expression of the membrane phospholipid, phosphatidylserine (PS), on the cell surface is one signal which identifies cells as apoptotic. 3, 4 The importance of this surface PS for recognition is demonstrated by the finding that masking PS on the surface of apoptotic cells with the PSspecific binding protein, annexin V, specifically reduces their phagocytosis. 5, 6 In the specific case of recognition of apoptotic lymphocytes by macrophages, two different PS-dependent recognition systems operate. 7 One system is utilized by unactivated macrophages such as mouse bone marrow macrophages, human monocyte-derived macrophages and the murine macrophage cell line J774. Phagocytosis using this system is inhibited by erythrocytes lysed and resealed under conditions where PS becomes exposed on the cell surface. 8 Phagocytosis of these PS-presenting (lipidsymmetric) erythrocytes, but not of apoptotic thymocytes, is completely inhibited by PS vesicles. 9 Phagocytosis using the other system, utilized by activated macrophages such as mouse peritoneal macrophages and b-glucan-activated mouse bone marrow macrophages, is inhibitable by PS vesicles, but not by lipid-symmetric erythrocytes. 8 Phagocytosis by both systems, however, is inhibited by annexin V. 6 The two macrophage recognition systems are also distinguished by their different sensitivities to other inhibitors. The synthetic peptide RGDS and antibodies to the vitronectin receptor inhibit phagocytosis of apoptotic lymphocytes by unactivated macrophages, 7, 8 implicating this integrin in recognition, whereas N-acetylglucosamine (GlcNAc) inhibits phagocytosis by activated macrophages, implicating a lectin-like receptor in recognition. 8, 10 Phagocytosis by both recognition systems is inhibited by treating macrophages with antibodies to the lipoprotein receptor CD36 11 and to the lipopolysaccharide receptor CD14. 12, 13 However, the ligands which any of the receptors may recognize on the apoptotic cell surface have yet to be identified. In contrast, ICAM-3 on the lymphocyte surface participates in the interaction of apoptotic lymphocytes and unactivated macrophages, although the receptor with which ICAM-3 interacts has not been identified. 14 Normal, healthy cells sequester PS to the inner leaflet of the bilayer. 4, 15 During the course of apoptosis, however, PS equilibrates between the two leaflets 16 resulting in exposure of PS on the cell surface. 3, 4 Before the development of annexin V as a tool to detect PS exposed on the apoptotic cell surface resulting from loss of membrane asymmetry, 17 dye, 21 apoptotic lymphocytes are readily distinguished by their increased fluorescence following staining with MC540. 3, 22, 23 Surprisingly, primary macrophages and macrophage cell lines stain with MC540. 24 This result suggests that normal, non-apoptotic macrophages do not maintain the same scrupulously asymmetric distribution of phospholipids that other cells do, and thus may express PS on their surface. The studies presented here demonstrate that normal macrophages do indeed express PS on their surface, and that expression of PS on the macrophage surface is specifically involved in the engulfment of PSexposing target cells.
Results
To investigate whether normal, non-apoptotic macrophages express PS on their surface, adherent J774 macrophages were stained with the PS-specific probe, fluorescent annexin V, and examined by fluorescence microscopy. Because of the prodigious rate of membrane internalization and recycling characteristic of macrophages, staining was performed at 48C to slow these processes. As shown in Figure 1A , macrophages do stain with annexin V. Although plasma membrane staining predominates, nuclei can be discerned in the cells, outlined by annexin V internalized during the staining procedure. This result is consistent with the previous report that the plasma membrane of normal macrophages labeled with MC540 is very rapidly internalized. 24 To confirm that any annexin V internalized was bound to the plasma membrane, and not simply taken up directly from solution, macrophages were stained with annexin V in the presence or absence of Ca 2+ . Because binding of annexin V to PS is Ca 2+ -dependent, staining in the absence of Ca 2+ should reflect fluid-phase internalization. As shown in Figure 2A , annexin V staining of J774 macrophages in the presence of Ca 2+ is significantly higher than in its absence, indicating that staining in the presence of Ca 2+ is predominantly plasma membrane staining. That such staining is not restricted to cell lines or to just unactivated macrophages is also shown in Figure 2A where activated, elicited peritoneal macrophages are seen to stain with annexin V. The expression of PS on the surface of macrophages raises the question of whether it plays a functional role in recognition and phagocytosis of apoptotic cells.
As reported previously, pre-treating apoptotic thymocytes with annexin V significantly inhibits their phagocytosis by macrophages. 6 In those studies, however, treated thymocytes were not washed free of excess, soluble annexin V before presentation to macrophages. In light of the fact that macrophages express PS on their surface, it is possible that in those experiments excess annexin V, carried over with the target cells, might be acting at the macrophage surface. This possibility was tested by pretreating target cells with annexin V, washing to remove unbound annexin V and then presenting the treated cells to macrophages. The targets used were DO11.10 cells, an ovalbumin-specific murine T cell hybridoma, which can be induced by a variety of agents to undergo apoptosis and expose PS. 16, 25 As with all cell populations, induction of apoptosis in DO11.10 cells is not synchronous and at any given timepoint only a small fraction of intact cells expose PS. However, a uniform population of PS-expressing cells can be produced by elevating cytosolic Ca 2+ concentrations with the Ca 2+ ionophore A23187. This treatment activates a non-specific lipid flipsite, termed the scramblase, also activated by the apoptotic program, that allows rapid diffusion of PS to the cell surface. 25 To facilitate initial studies identifying the site at which annexin V works, these ionophore-treated cells were used as targets. As shown in Figure 2B , virtually all DO11.10 cells treated for 10 min with Ca 2+ ionophore expose PS on their surface as detected by staining with fluorescent annexin V; the staining of cells induced with dexamethasone to undergo apoptosis is shown for comparison. As shown previously, cells induced by ionophore to expose PS are phagocytosed in the same PS-dependent fashion as cells in which PS is exposed as part of the apoptotic program. 25 Phagocytosis of these cells by J774 macrophages is reduced about fourfold by pretreating them with 10 mM annexin V, and, importantly, the extent of inhibition was not affected by washing the targets to remove excess annexin V before presenting them to macrophages (data not shown), verifying that the PS exposed on target cells is required for their phagocytosis.
As well as confirming that masking PS on the target cell surface blocks phagocytosis, the above results provide protocols for asking whether the PS exposed at the macrophage surface plays any role in phagocytic clearance. To address this question, targets, macrophages or both were pre-treated with annexin V and washed, then the targets and macrophages combined and phagocytosis measured. As shown in Figure 3 , phagocytosis was inhibited to a similar extent (approximately 80%) regardless of whether targets or macrophages were pre-treated with annexin V. Additionally, inhibition produced by treating both target and macrophage with annexin V (without washing) was statistically indistinguishable from treating either just targets or just macrophages alone. These results imply that the PS exposed on the macrophage surface is required for phagocytosis of PS-expressing target cells.
Previous studies demonstrated that the concentration of fluorescent annexin V required for maximal binding to apoptotic cells was similar to the concentration which produced maximal inhibition of phagocytosis, 6 as expected if inhibition is the result of high affinity specific binding of annexin V to PS on the target cell surface. If inhibition at the macrophage surface also is the direct result of specific high affinity binding and masking of PS, versus some nonspecific effect at the cell surface, the dose-response for annexin V inhibition might be expected to be similar for treatment of either cell type. In fact, inhibition at the target cell surface was near maximal at 0.1 mM annexin V, with only slight increases at higher concentrations; similarly, annexin V pre-treatment of macrophages inhibited phagocytosis with a maximal effect near 0.l mM annexin V (data not shown). This result implies that the effects of annexin V on macrophages result from the same high affinity binding as its effects on targets, identifying PS as the target of its action.
While these experiments rule out the possibility of nonspecific binding as the mechanism of annexin V effects on macrophages, they leave open the possibility that this specific binding might non-specifically inhibit phagocytosis, i.e., that annexin V might inhibit phagocytosis in general by interfering with a membrane process (such as membrane bending or fusion) required for phagocytosis. This possibility was tested by asking whether annexin V treatment of macrophages prevented uptake of targets which do not present PS. As shown in Figure 4A , treating macrophages with annexin V did not inhibit the phagocytosis of fluorescent latex beads. Nor, as shown in Figure  4B , was the Fc-mediated phagocytosis of opsonized erythrocytes impaired by treatment with annexin V. Thus, the inhibition by annexin V at the macrophage surface is specific to PS-presenting targets and is not a non-specific consequence of interference with general phagocytic processes of the cell.
As indicated in the Introduction, and shown in Figure 5A , J774 macrophages behave as unactivated macrophages in that phagocytosis of PS-presenting cells is inhibited by RGDS and not by PS vesicles or GlcNAc which inhibit phagocytosis by activated macrophages. 8 When primary unactivated macrophages ingest b-glucan particles, they acquire the activated macrophage recognition system. 26 To determine whether the same was true for the J774 cell line, cultures were incubated with b-glucan for 53 days, and then phagocytosis was measured in the presence of a variety of inhibitors. As shown in Figure 5B , after b-glucan treatment, phagocytosis by J774 macrophages became sensitive to the presence of either PS vesicles or GlcNAc. In contrast to the case of primary macrophages activated by b-glucan, however, phagocytosis by activated J774 cells remained sensitive to RGDS, a point considered further in the Discussion. To determine whether activated J774 macrophages, like their unactivated counterparts, require PS on their surface for phagocytosis, the experiment described for Figure 3 was repeated with b-glucanactivated J774 macrophages. As shown in Figure 6 , the results were similar to those obtained with unactivated cells: phagocytosis of PS-presenting DO11.10 cells was inhibited to a similar extent regardless of whether target, phagocyte, or both, were pre-treated with annexin V. Thus, the dependence of phagocytosis on PS expressed on the macrophage surface is not confined to unactivated macrophages.
In these model experiments, both targets and phagocytes were cell lines, and the exposure of PS on target cells was artificially induced. Even though the phagocytosis of these cells requires the same integrin and/or lectin receptors, as well as PS, that are required for phagocytosis of true apoptotic cells, experiments were carried out with Figure 3 Phagocytosis following pre-treatment of DO11.10 targets, J774 macrophages, or both cell types with annexin V. DO11.10 cells were induced to express PS by incubating with Ca 2+ ionophore in the presence of Ca 2+ . These targets, J774 macrophages, or both cell types were pre-treated with 10 mM annexin V (Ann V) before presenting the targets to macrophages. When only one cell type was pre-treated, cells were washed before targets were presented to macrophages. Phagocytosis of uninduced DO11.10 cells is shown for comparison. The data presented are representative of three separate experiments with similar results authentic apoptotic cells to ensure that the results were not peculiar to the model systems employed. DO11.10 cells were induced with dexamethasone to undergo apoptosis and the resulting apoptotic cell populations (see Figure 2B ) were presented to unactivated and activated J774 macrophages. As shown in Figure 7 , the phagocytosis of these apoptotic target cells in both cases was inhibited by annexin V treatment of the macrophages to a level comparable to that observed by masking PS on the surface of the ionophore-treated target cells. Similar experiments were also performed using both primary apoptotic target cells and primary macrophages. Elicited peritoneal macrophages, which express an activated macrophage inhibition phenotype, and which are shown in Figure 2A to expose PS on their surface, were presented with primary murine thymocytes induced by dexamethasone to undergo apoptosis. As shown in Figure 8 , the results using primary cells accurately recapitulate the sensitivity to annexin V seen using cell lines. Together, these results indicate that the sensitivity of the phagocytosis of target cells to annexin V treatment of the phagocyte is a general property of PS-exposing targets and professional phagocytes. 
Discussion
Expression of PS on the macrophage surface is at odds with the generalization that normal, non-apoptotic cells restrict PS to the inner leaflet of the plasma membrane. However, organism-wide surveys of cells which bind annexin V in vivo have already identified exceptions to this general rule, 4, 27, 28 including fusing myoblasts and megakaryocytes. Regions of annexin V binding were also observed on potential phagocytes in brain, clustered near apoptotic targets, and were interpreted as possible sites of membrane exchange. The results presented here suggest alternative possibilities. The staining of macrophages with annexin V and MC540 suggests that PS exposure is constitutive in these cells, and that membrane exchange is thus not required to explain the annexin V binding observed in vivo. However, the exposure of PS on the macrophages examined here seems to occur over the entire cell surface, suggesting that any concentration of PS in the region near a potential target, as seen in the in vivo studies, may be an induced redistribution.
Previous studies established that phagocytosis of apoptotic thymocytes by macrophages is sensitive to inhibition by annexin V; 6 the studies presented here examine more carefully the site at which annexin V acts. Given the well-known exposure of PS on apoptotic cells at an early stage in the apoptotic program, there is little drama in the confirmation that binding of annexin V to the PS exposed at the apoptotic target cell surface inhibits phagocytosis. Much more surprising is the discovery that pre-treating macrophages with annexin V similarly inhibits phagocytosis. This finding indicates that the PS exposed on the macrophage surface, identified by fluorescent annexin V staining, plays a functional role in phagocytosis. Because the pre-treatment with annexin V preceded the addition of target cells, the constitutive expression of PS on the macrophage cell surface is sufficient for its functional activity. Further, the absence of an inhibitory effect of annexin V on phagocytosis of latex beads or opsonized cells implies that the PS exposed on the macrophage surface is not required for general engulfment processes, such as membrane bending and membrane fusion at the external leaflet, but rather is specific to PS-expressing targets. Since treating both targets and macrophages with annexin V was no more effective than treating either alone, the PS exposed on each of the target cell and macrophage surfaces must be two elements of the same mechanism. However, why the mechanism requires PS on both target and macrophage, or even whether PS plays the same role at both cell surfaces, is unclear.
The simplest mechanism to explain the dual role of PS is that it serves as a ligand for a divalent molecule that bridges the target and macrophage surfaces. Ca 2+ ions might be imagined to play such a role, 29, 30 except that inhibition of phagocytosis by PS is stereospecific, 3, 7 which is not consistent with this simplest model. Bridging between the target and macrophage surface might also occur via a multivalent PS-binding protein. Although attractive, there is no evidence for the existence of such a protein and the fact that phagocytosis occurs within 30 min after washed targets and macrophages are combined, in the absence of serum, argues against a soluble protein mediating this effect. PS stereospecificity has been taken to mean that a receptor on macrophages recognizes PS on the target cell surface. However, it is not clear whether stereospecificity applies at the macrophage surface, the target cell surface or both. Therefore, it remains possible that a receptor on lymphocytes recognizes PS on the macrophage surface. Although both target and macrophage may possess PS receptors, both of which are required for phagocytosis, it is just as possible that PS on one of the cell surfaces does not act as a ligand, but rather serves some other purpose, such as a co-factor required for the operation of the recognition machinery.
One macrophage membrane protein implicated in the phagocytosis of apoptotic cells is ABC1, a member of the large family of ATP-binding cassette (ABC) ATPases which mediate or regulate the movement of a wide variety of substrates across cell membranes. 31, 32 Treating mouse macrophages with antibodies to ABC1 blocks their ability to phagocytose apoptotic lymphocytes. 33 In C. elegans, the ced-7 gene has been identified as a homolog of ABC1 whose expression is required in both target and engulfing cell for removal of apoptotic cells, 34 suggesting that CED-7-dependent transport of the same molecule is required in both cell types for phagocytosis. Recently, inhibitors of ABC1 were shown to block phagocytosis when applied to either macrophage or apoptotic target, and also block the induced exposure of PS in either cell type. 35 The apparent requirement for exposure of PS on both macrophage and target for phagocytosis argues that the engulfment role of CED-7 in C. elegans or the corresponding ABC-1 protein in mammals stems from its involvement in the pathway leading to the exposure of PS on both the target and macrophage surface. 35 Externalization of PS in apoptotic lymphocytes results from activation of a non-specific lipid Figure 8 Phagocytosis of apoptotic thymocytes by elicited peritoneal macrophages following pre-treatment with annexin V. Primary thymocytes were induced by dexamethasone to undergo apoptosis. These targets, elicited peritoneal macrophages (PM), or both cell types were pre-treated with 10 mM annexin V (Ann V). When only one cell type was pre-treated, cells were washed before targets were presented to macrophages. Phagocytosis of uninduced thymocytes is shown for comparison. The data presented are representative of two separate experiments with similar results flipsite termed the scramblase. 16, 36 A Ca 2+ -dependent lipid scrambling activity has been reconstituted in artificial lipid vesicles with proteins isolated from erythrocytes 37 and platelets, 38 and the protein from erythrocytes responsible for this activity cloned. 39 However, the activity of the reconstituted protein is very low and other proteins may also be involved in PS externalization. 39, 40 Although it appears that CED-7/ABC-1 is involved in PS externalization, 27 ATP does not seem to be required for the dissipation of membrane phospholipid asymmetry, 41 leaving open the question of what that involvement might be.
In the studies presented here, several experiments used target cells treated with a Ca 2+ ionophore to induce PS exposure, making possible a comparison between these cells and cells on which PS is exposed as a part of the apoptotic program. First, inhibition of uptake when macrophages were treated with annexin V was equally effective for apoptotic and ionophore-treated targets, implying that loss of asymmetry in the target cell is sufficient to engage the PS-dependent mechanism on the macrophage surface. Second, no marked difference was seen in the inhibitor sensitivity of the uptake of ionophoretreated versus apoptotic targets; RGDS inhibited the phagocytosis of ionophore-treated targets by unactivated macrophages and GlcNAc inhibited the phagocytosis of ionophore-treated targets by activated macrophages. These agents are generally considered to block recognition of apoptotic target cell ligands by an integrin on unactivated macrophages or by a lectin-like receptor on activated macrophages. The fact that these agents block uptake of ionophore-treated targets argues that loss of transbilayer asymmetry and/or exposure of PS on the cell surface is sufficient to generate those ligands and that those ligands develop over a very short period of time. Changes in the fluidity, ordering, and lipid packing of the outer leaflet of the plasma membrane and an increase in surface hydrophobicity accompany loss of asymmetry in erythrocytes 42 ± 45 and could be involved in the generation of ligands on the lymphocyte surface. Taken together, these results suggest that ionophore-treated thymocytes are a remarkably good model for studying the mechanisms of recognition and phagocytosis of apoptotic cells by macrophages.
To date, all macrophages studied have utilized either the recognition system inhibitable by PS vesicles and GlcNAc or the recognition system inhibitable by lipid-symmetric erythrocytes and RGDS, but not both. 7, 8 In particular, this either/or rule applies to mouse bone marrow macrophages activated by b-glucan, which convert from one system to the other, acquiring sensitivity to PS vesicles and GlcNAc, but becoming refractile to inhibition by RGDS, even though the vitronectin receptor is still expressed on the activated macrophage surface. 26 This finding implies that the vitronectin receptor is functionally neutralized on activated macrophages. The experiments presented here show that J774 macrophages activated by b-glucan can acquire sensitivity to PS vesicles and GlcNAc, and lose their sensitivity to lipid-symmetric erythrocytes (not shown), while retaining their sensitivity to RGDS. This result suggests that the either/or rule does not result from a requirement for neutralization of the vitronectin receptor in order for the PS vesicle/GlcNAc-sensitive mechanism to become operational. The nature of the switch between these two PSdependent recognition mechanisms, and their relationship to PS exposure on the macrophage surface, remain to be clarified.
Materials and Methods

Materials
Dexamethasone, propidium iodide, paraphenylenediamine mounting media, anti-glycophorin A, B (clone E3), bovine serum albumin (BSA), bovine brain PS, Ca 2+ ionophore A23187, PKH26 labeling kit, and bglucan from barley were purchased from Sigma Chemical Co. DiffQuik staining reagents were purchased from Baxter. 5-carboxyfluorescein succinimidyl ester (5-FAM) was purchased from Molecular Probes. J774A.1 macrophages, DO11.10 hybridoma cells, and E. coli TG1 containing a plasmid encoding human placental annexin V (clone pRK6) were purchased from American Type Culture Collection. Fluoresceinated latex beads (1 m in diameter) were purchased from Polyscience.
Animals
Male CBA/J mice, 4 ± 8 weeks of age, were maintained on food and water ad libitum in accordance with the guidelines of the Institutional Animal Care and Use Committee.
Macrophages
Macrophages were elicited in the peritoneal cavity of 6 ± 8 week old mice by intraperitoneal injection of 1 ml of 3% Brewer's thioglycollate media. Cells were harvested 5 days later by peritoneal lavage using 10 ml of ice-cold PBS (7.4 mM Na 2 HPO 4 , 2.6 mM NaH 2 PO 4 , 137 mM NaCl, 10 mM KCl) containing 10 U/ml of heparin. Collected cells were washed in PBS and suspended in RPMI 1640 medium containing 10% fetal bovine serum (FBS). Approximately 3610 5 cells were pipetted onto 18 mm bicarbonate-treated glass coverslips kept in 30 mm petri dishes. After 2 h at 378C, nonadherent cells were removed by aspiration, and the medium replaced with fresh RPMI 1640 medium containing 10% FBS. These macrophage cultures were used for phagocytosis assays within 24 h of plating. J774A.1 macrophages were grown in RPMI 1640 medium supplemented with 10% FBS at 378C in 5% CO 2 . Cultures of 3610 5 J774 macrophages per bicarbonate-treated coverslip or tissue culture well (24 well plate) were prepared within 24 h prior to phagocytosis assays. J774 macrophages activated by incubating in RPMI 1640 medium plus 10% FBS and 100 mg/mL of b-glucan for 3 ± 5 days were used exactly as unactivated J774 macrophages for phagocytosis assays.
Thymocytes
Thymuses were removed from 4 ± 6 week old mice and dissociated in PBS. After collecting cells by centrifugation and resuspending in 17 mM Tris, 140 mM NH 4 Cl, pH 7.2, to lyse erythrocytes, thymocytes were washed and resuspended at 10 7 cells/ml in RPMI 1640 medium containing 10% FBS. DO11.10 cells were grown in RPMI 1640 medium supplemented with 1 mM sodium pyruvate and 10% FBS at 378C in 5% CO 2 . Apoptosis was induced in thymocytes (10 6 cells/mL) or log phase DO11.10 (10 6 cells/mL) by addition of 10 76 M or 5610 76 M dexamethasone, respectively, and incubation at 378C in 5% CO 2 for 6 h. Apoptosis was monitored by fluorescent annexin V
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Phosphatidylserine expression on macrophages MK Callahan et al staining. To induce PS expression with ionophore, log phase DO11.10 cells in RPMI 1640 medium were treated for 10 min at 378C with either 1 mM CaCl 2 plus 10 mg/ml of the Ca 2+ ionophore A23187 or 1 mM CaCl 2 alone as a control. After the appropriate treatment, cells were collected by centrifugation, washed, and resuspended in annexin V buffer (10 mM HEPES/NaOH, pH 7.4, 140 mM NaCl, 2.5 mM CaCl 2 ).
Phagocytosis assays
10
6 thymocytes or DO11.10 cells in 150 ml of annexin V buffer were overlayed onto coverslip cultures of 3610 5 macrophages prepared as described above. When appropriate, either the target cells or macrophages were first incubated in 150 mL of various concentrations of annexin V in annexin V buffer for 15 min at room temperature and then washed twice with annexin V buffer before targets in 150 mL of annexin V buffer were overlayed onto macrophages. When both targets and macrophages were pretreated with annexin V, neither was washed prior to overlaying. In some experiments target cells resuspended in annexin V buffer were mixed in a total volume of 150 mL with either 7.5 nM PS vesicles prepared as previously described, 8 1 mM RGDS, or 20 mM GlcNAc, immediately before being overlayed onto macrophages. After 30 min at 378C in 5% CO 2 , coverslips were washed vigorously in PBS and fixed in 1.8% formaldehyde for 15 min before staining with Diff-Quik. Cells were counted as phagocytosed as previously described in detail. 8 Results are presented as the mean+standard deviation of triplicate coverslips. Each experiment was performed at least twice with similar results. For phagocytosis of fluorescent latex beads, beads were washed twice in RPMI 1640 medium and diluted 10 000 fold in annexin V buffer, then 100 ml was added to 3610 5 macrophages per well of a 24-well tissue culture plate that either had or had not been pretreated for 10 min with 200 mL of either 1 mM annexin V or BSA at room temperature. After 30 min at 378C in 5% CO 2 , macrophages were washed and released from the dishes with 0.5 mM EDTA in PBS and analyzed by flow cytometry. For Fc-mediated phagocytosis, erythrocytes from fresh venous blood obtained from volunteers according to institutional guidelines were first labeled with the fluorescent dye PKH26 according to the manufacturer's instructions. Briefly, 50 mL of packed erythrocytes were resuspended in 500 mL of diluent C. PKH26 dye was added to 2 mM and incubated for 4 min at room temperature with constant shaking followed by the addition of 500 mL of human serum for 1 min to terminate labeling. Cells were washed and then treated with a 1 : 400 dilution of anti-glycophorin monoclonal antibody in PBS for 15 min at room temperature. Opsonized cells were washed and resuspended at 10 7 cells/mL in annexin V buffer. One hundred and fifty mL of this cell suspension was added to 3610 5 macrophages per well of a 24-well tissue culture plate that were pre-treated with 200 mL of either 1 mM annexin V or BSA for 15 min at room temperature. After 30 min at 378C in 5% CO 2 , the medium was removed by aspiration and cultures were treated with 17 mM Tris, 140 mM NH 4 Cl, pH 7.2, to lyse uningested cells. Macrophages were removed from the wells with 0.5 mM EDTA in PBS and analyzed by flow cytometry.
Preparation of¯uorescent annexin V
Recombinant human placental annexin V was expressed in E. coli and purified as described previously. 6, 46 Purified annexin V at 15 mg/ml was dialyzed overnight into 1.0 M sodium bicarbonate buffer, pH 8.5. One mg of a freshly prepared stock solution of 5-FAM dissolved in dimethylformamide at 1 mg/ml was added to 10 mg of purified annexin V. Following incubation for 1 h at room temperature with shaking, unconjugated dye was removed by dialysis overnight into fresh sodium bicarbonate buffer.
Fluorescent annexin V staining 10 6 thymocytes or DO11.10 cells were incubated with 1 mg of fluorescent annexin V for 15 min at room temperature in 100 mL of annexin V buffer and then brought to 500 mL with annexin V buffer for flow cytometry. For flow cytometric analysis of macrophages, 10 6 cells removed from monolayer by scraping were stained as described above except that incubation was performed on ice and annexin V dilution buffer was ice-cold. For fluorescent microscopy, 3610 5 macrophages in monolayer culture on bicarbonate-treated glass coverslips were incubated with 1 mg of fluorescent annexin V for 15 min at 48C in 150 mL of annexin V buffer. After staining, the cultures were washed three times with ice-cold annexin V buffer, fixed in 2% formaldehyde for 15 min and mounted in 90% glycerol containing 0.1 mg/mL of paraphenylenediamine, to inhibit fading, in PBS. 47 
Microscopy
Annexin V-stained cells were examined using a Zeiss Axioplan fluorescence microscope. Images were captured with a Spot 2 camera (Diagnostic Instruments) and recorded using Adobe Photoshop.
Flow cytometry
A minimum of 10 000 cells/sample was analyzed using an EPICS-XL-MCL flow cytometer (Coulter Electronics, Hialeah, FL, USA) fitted with a single 15 mW argon ion laser providing excitation at 488 nm. Annexin V staining was monitored through a 525 nm bandpass filter; propidium iodide was added at 10 mg/mL immediately prior to analysis and cells stained by the dye were gated out of profiles. Macrophages phagocytosing PKH26-labeled opsonized erythrocytes or fluorescent latex beads were monitored through a 575 nm bandpass filter.
